Fixation disparities (FD) were measured as a function of forced vergence using binocular scleral search coils and simultaneously with nonius lines. The slope of the objective FD curve was significantly greater than the subjective FD curve for three of five subjects. This indicates an alteration in retinal correspondence of up to one degree, that shifts Panum's area to avoid the diplopia normally present with large disparities. This process allows for fusion in the presence of large objective fixation disparities which would normally cause diplopia. The shift in correspondence enhances the range of forced vergence, since the larger objective FDs serve as more effective stimuli to fusional vergence. The remaining subjects who lacked this effect had "flat" FD curves indicative of high vergence adaptation.
INTRODUCTION
Binocular fusion imposes the requirement that ocular alignment be quite precise. However, binocular images need not fall exactly on corresponding points to support single vision (Ogle, 1950) . Panum postulated that disparate retinal images (noncorresponding) would be perceived as single as long as the retinal image of one eye fell within a certain area (Panum's area) around the point on this retina associated with the corresponding point in the other eye (Panum's Panum, 1858) . The horizontal limit of Panum's area as measured with line stimuli is reported to be about 6 min of arc at the fovea, and about 20 min of arc at a peripheral angle of 6 deg (Fender & Julesz, 1967) . The phenomenon of fixation disparity was first described by Hofmann & Bielschowsky (1900) . When a fixation disparity exists, the accepted notion is that monocular images of an object do not fall on corresponding points, but are within Panum's fusional areas (Ogle, 1950) .
Fixation disparity is commonly measured subjectively using nonius lines (Ogle, Martens, & Dyer, 1967) . In this method, two vertical lines are presented dichoptically. One line is positioned above the other line. Fusion is maintained by a central object seen by both eyes, or by binocular targets such as Snellen letters placed around the nonius lines. It is assumed that Panum's fusional process has no effect on the apparent visual directions of the nonius lines. Hence, any apparent misalignment of the nonius lines indicates a fixation disparity which can be *The Ohio State University College of Optometry, Columbus, Ohio, U.S.A. tTo whom all correspondence should be addressed Email: fogt.4@osu .edu].
measured by moving the nonius lines horizontally until they are perceptually aligned. The physical horizontal separation of the nonius lines is taken to be a measure of the subjective fixation disparity. Fixation disparities are affected by the vergence demand (binocular parallax) of the fixation target. Plots of fixation disparity vs vergence demand are referred to as forced vergence fixation disparity (FVFD) curves. Ogle et al. (1967) found four characteristic FVFD curves in their data, as shown in Fig. 1 .
In measuring subjective fixation disparities with nonius lines, it has often been assumed that the positions of the nonius lines accurately reflect eye position when these lines are aligned. However, numerous reports indicate that the misalignment of the eyes measured objectively does not match the misalignment of the nonius lines. Hebbard (1962) seems to have been the first to compare objectively measured fixation disparity to nonius line settings. Hebbard measured subjective fixation disparities for one subject for various amounts of vergence demand. In a separate experiment, he monitored the eye positions of this subject using tiny plane mirrors on contact lenses under the same vergence demands as the measurements of subjective fixation disparity were performed. Hebbard found that the slope of the FVFD curve for the objective data was 0.60 min per prism diopter, while the slope for the subjective data was 0.44 min per prism diopter. He concluded that the difference in slope for the objective and subjective data was within experimental error, and that nonius line measurements of fixation disparity were accurate indicators of eye position.
Hebbard's experiment has been criticized because measurements were made on only one subject, and FIGURE 1. The four characteristic forced vergence fixation disparity curve types described by Ogle et al. (1967) . Type I (upper left), Type II (upper right), Type III (lower left), and Type IV (lower right).
because measurements of objective and subjective fixation disparity were performed successively rather than simultaneously (Kertesz & Lee, 1987) . Since Hebbard's experiment, others have compared subjective (nonius line) and objective (eye position) measurements of fixation disparity simultaneously. These include Kertesz et al. (1983) , Robertson & Schor (1986) , Kertesz & Lee (19'87, 1988) , and Simonsz & Bour (1991) . Remole (1985) , and Remole, Code, Matyas, McLeod, & White (1986) compared objective and subjective fixation disparity measurements successively. All of these experimenters concluded that significant differences occurred between objective and subjective fixation disparities. These studies called into question the use of nonius line settings as indicators of eye position. Remole (1985) , Remole et al. (1986) , and Robertson & Schor (1986) attempted to relate the degree of forced vergence to the difference in objective and subjective fixation disparity. Remole (1985) found that beyond a vergence range of 4 prism diopters divergent to 4 prism diopters convergent, the difference between nonius line and eye position measurements increased linearly with the forced vergence angle. In the range of vergence angles over which this linear increase was found, the objective fixation disparity was consistently larger than the subjective fixation disparity. Similar results were obtained by Remole et al. (1986) . Robertson & Schor (1986) found that for vergence angles greater than about 1-2deg, the difference between the objective and subjective fixation disparities increased in a relatively linear fashion. Over the range of forced vergence angles greater than about 1-2deg, the objective fixation disparity was consistently greater than the subjective fixation disparity. Remole (1985) , Remole et aL (1986) , and Robertson & Schor (1986) concluded that differences in objective and subjective fixation disparities were an indication that two forms of sensory compensation were required in order to bring about fusion. One process was the fusion or perceptual integration of the disparate stimuli within Panum's fusional areas. The other process was a change in binocular retinal correspondence, by which there was an alteration in the monocular directions. This process shifted the perceived location of the nonius lines while facilitating fusion. As a result, the objective fixation disparity may be significantly larger than the subjective fixation disparity.
While there is evidence for a relationship between differences in objective and subjective fixation disparities and the forced vergence angle, the studies cited above seem to have several deficiencies. Remole (1985) and Remole et al. (1986) measured objective and subjective fixation disparities successively, and their FVFD curves did not include divergent angles of forced vergence greater than about 3.50 deg. The data from the study of Robertson & Schor (1986) were published for only two subjects (Schor, 1991) , and the method by which objective fixation disparity was measured was not specified.
Given the deficiencies in these earlier experiments, we sought to expand on these studies by simultaneously measuring binocular objective (eye position) and subjective (nonius lines) fixation disparities. Further, we investigated the relationship between differences in simultaneously measured objective and subjective fixation disparities and the forced vergence angle.
METHODS
The protocol for this experiment was approved by the Biomedical Sciences Human Subjects Review Committee of the Ohio State University. Informed consent was obtained for all subjects who participated. Subjects ranged in age from 21 to 28 yr. All subjects had visual acuities correctable to 20/20 in both eyes at 6 m and 20 sec of stereoacuity as measured with the Randot stereotest (Stereo Optical Co., Chicago, IL). Further binocular data for the subjects are provided in Table 1 .
Scleral search coil instrumentation was employed for measurement of eye position. The equipment consisted of two pairs of Helmholtz field coils (Remmel Labs, Model EM3; Ashland, MA) . The horizontal field coils were driven by the eye movement monitor electronics at 50 Khz. The vertical field coils were driven at 75 kHz. The subject was placed near the center of these field coils, and was then exposed to a horizontal and a vertical oscillating electro-magnetic field. Subjects wore annular silicone contact lenses (search coils) in which a coil of wire was embedded (Skalar Medical, Delft). As the eye moved a voltage was induced within the eye coil that was proportional to the cosine of the angle between the plane of the eye coil and the direction of the magnetic field (Remmel, 1993) . The final voltages from the eye movement monitor were fed into Tektronix monitors. These Tektronix monitors allowed tracking eye position visually during the actual testing sessions, and monitoring for blinks. The voltages from the eye movement monitor were also fed into a computer through a 12-bit The measured drift of the equipment was less than 1 min of arc, and the resolution was about 1 min of arc. In order to compare objective and subjective fixation disparities simultaneously, targets were presented on a computer monitor (Zenith, Model No. ZCM-1490) at a distance of approximately 73 cm from each eye's center of rotation. Subjects were immobilized by a tight-fitting dental impression and forehead rest. The edges of the computer monitor were masked with black paper in an attempt to obscure both the edges of the screen and objects in the rest of the room from the subjects. However, even though the room lights were turned off during the experiments, the edges of the black material around the computer monitor created an artificial rectangular edge which was visible to the subject. The horizontal angular subtense of a pixel in the display was about 1.86 min of arc. The screen of the display monitor was truly plane, and compensation was made to ensure that the targets were accurately placed. For example, in order to obtain expected rotations of the two eyes of 5 deg, the target seen by the left eye must be placed farther to the right of the mid-saggital plane than a target seen by the right eye. However, no compensation was made for changes in the sizes of targets incurred as the eyes rotated away from a position straight ahead of the eye as calculations showed these effects to be insignificant. Hebbard (1962 ), Remole et al. (1986 , Kertesz & Lee (1987) , Kertesz & Lee (1988) , and Simonsz & Bour (1991) used the monocular occlusion method to objectively measure fixation disparity. This monocular occlusion method has several deficiencies, which have been discussed elsewhere (Fogt & Jones, 1997a) . Therefore, direct binocular recording of vergence eye movements was used to measure objective fixation disparity. Torsion was not monitored in these experiments. The effects of misalignment of the search coils on the measurements of horizontal eye position in this experiment were expected to be quite small because the straight ahead position of the lines of fixation were parallel to both the horizontal and vertical field coils, and because the vertical position of the targets was held constant.
The presentation of targets for calibration of the search coils was controlled by computer. Calibration required the subject to monocularly fixate a small square (19 min of arc) at five positions: approximately 6 deg right, 3 deg right, 0 deg, 3 deg left, and 6 deg left. Monocular viewing was achieved by anaglyphic presentation. The subject wore a blue filter over the left eye (dominant wavelength transmitted = 484.94 nm) and a red filter over the right eye (dominant wavelength transmitted=625.01 nm). The background on the computer screen was white, and therefore the left eye saw the red fixation square (dominant wavelength for the red phosphor= 604.47 nm), and the fight eye saw the blue fixation square (dominant wavelength for the blue phosphor = 484.34 nm). The luminance and contrast of the left eye and right eye targets; were determined using a spectrophotometer (Photo Research, PR-703A/PC Spectrascan; Burbank, CA). The Weber contrast for the left eye target was about 0.83, while the Weber contrast for the right eye target was about 0.91. With this arrangement, virtually no cross-talk was appare, nt between the left eye and right eye images. The red fixation square and red nonius line (seen by the left eye) appeared red to the subject against a blue background, while the blue fixation square and blue nonius line (seen by the right eye) appeared black against a red background. When fused, the fixation square appeared black. Further issues related to the contrast and luminance of the left and right eye images are considered in Appendix I.
The calibration ta~rgets were positioned such that the 0 deg position was located along the line connecting the center of the computer display with a point midway between the centers of rotation of the eyes (the midsaggital line). A number of our myopic subjects wore corrective spectacle lenses during these experiments. The prismatic effects of these lenses must shift the image of the square presented during the calibration trials toward the midsaggital line. To determine the apparent angular position of the square during the calibration trials, the actual angular position was multiplied by a compensatory factor for prismatic effect. This compensatory factor, based on Prentice's rule, has been shown to be an accurate representation of the prismatic effects of myopic spectacle lenses (Fogt & Jones, 1996) .
When the subject felt that he or she was accurately fixating the center of the square at each angular position, he or she was asked to push the left button of a trackball mouse (Kensington, San Mateo, CA). This signaled the computer to record 10 digitized signals from the two eye coils. These signals were recorded immediately after the button press, and ew;ry 0.20 sec thereafter. The calibration procedure was repeated at the end of the experimental session, to account for any slippage of the search coil during the trial (Fogt & Jones, 1997a) . Linear regression analysis of all digitized values (precalibration and postcalibration) vs angle was performed, yielding equations of the form [digitized signal = gain(angle)+ (digitized signal)0] for both the left and right eyes.
For the comparison of simultaneously measured objective and subjective fixation disparities, the following methodology was employed. The presentation of targets for the fixation disparity measurements was controlled by computer. A rect~aagular peripheral fusion target (6.31 deg horizontal and 11.18 deg vertical) was used (Fig. 2) . These rectangles were anaglyphic targets presented on a white background. The luminance and contrast of these targets for the left and right eyes were identical to those for the calibration targets described above, and there was virtually no cross-talk for the left and right eye images.
Fusion targets we]re always presented symmetrically about the midsaggital line. The fusion targets were first presented at about 0.06 deg (4 min) of arc relative convergence. The taJrgets were then presented at diver- After fusing the targets, subjects were told to vertically align the nonius lines (2 arc min wide) using the trackball mouse (Fig. 2) . The nonius lines would appear in the center of the screen prior to each measurement. The lines would move opposite to one another at the same rate as the subject adjusted the trackball mouse, and the lines could be moved in steps of one pixel (1.86 min of arc) so that the subject could make very fine adjustments. Once the nonius lines were aligned, subjects were asked to stare at the center of the open area between the nonius lines, and to then push the left mouse button. This signaled the computer to record the positions of the nonius lines, and 10 consecutive digitized signals from the search coil outputs for each eye. These signals were recorded immediately after the button press, and every 0.20 sec thereafter. Subjects were required to align the nonius lines even in cases where they could not fuse the fusion targets. Throughout each trial, no attempt was made to control the time taken by the subject for each nonius line setting. Subjects would typically take about 10-15 seconds to adjust the nonius lines.
Data analysis
The data were analyzed only at forced vergence angles at which the subject could fuse the targets. There were situations where subjects could fuse over the entire range Of divergent (subject A) or convergent (subjects B, D, and E) forced vergence angles used for testing. The analysis of the objective eye position data was performed in the following manner.
The 10 measurements from the eye coils at each angle of forced vergence were averaged. The resultant averages were converted into angular positions using the calibration regression equations described earlier. Finally, the vergence angle of the eyes was determined from the difference in the angular positions of the two eyes.
The angular separation of the nonius lines was also calculated. Because the prismatic effects of minus lenses shift the images of objects toward the center of the lens (Fogt & Jones, 1996) , myopic subjects would be required to set the nonius lines farther apart to achieve, perceptually, the same separation of the lines as that when no corrective lenses are in place. Therefore, these angular separations were multiplied by the same compensatory factor for prismatic effect as that used to generate the calibration equations. Similarly, the fusion targets were in all cases set up so as to achieve a particular angle of forced vergence, assuming that no corrective lenses were in place. Therefore, after each trial, the true angular separations of the fusion targets were multiplied by the compensatory factor for prismatic effect in cases where corrective lenses were worn. The forced vergence angles obtained after multiplying by this compensatory factor were the angular separations of the fusion targets as they appeared to the subject.
Subtracting the vergence angle of the eyes from the angular separation of the fusion targets (compensated for prismatic effect) yielded the objective fixation disparity. Subtracting the angular separation of the nonius lines from the angular separation of the fusion targets (both compensated for prismatic effect) yielded the subjective fixation disparity. In these analyses, divergent angles of forced vergence are considered to be negative, while convergent angles of forced vergence are considered to be positive. It follows from this that an eso or convergent fixation disparity will be positive, while an exo or divergent fixation disparity will be negative (traditional sign conventions for fixation disparity).
The rationale for application of error bars to the fixation disparity data was as follows. First, error bars were not applied to the subjective data for the following reasons. A supplementary experiment was performed to determine the magnitude of these error bars. In this experiment, the precision with which four subjects could make dichoptic nonius line settings was investigated. Two of these subjects (ages 19 and 21 yr) were not involved in the experiments described previously. The subjects were asked to make nonius line settings after fusing central square fusion targets (19 arc min in size). The fusion targets were presented at vergence angles beginning with 0 deg or straight ahead. The divergent angles were presented next, beginning with approximately 1 deg divergent and increasing in 1 deg steps up to approximately 8 deg divergent. Following the last divergent angle, the convergent angles were presented. The first convergent angle was approximately 1 deg convergent. Convergent angles of forced vergence then increased in 1 deg steps up to approximately 8 deg convergent. The data were only analyzed at forced vergence angles at which the subject could fuse.
It was found that for each subject, the standard deviations of the nonius line settings at each angle of forced vergence were typically about 5 arc min. In only one case did the standard deviation increase as the forced vergence angle increased. It will later be demonstrated that subjective error bars of -4-5 arc min did not affect the visual or the statistical comparison of objective and subjective fixation disparities. Therefore, these error bars were not shown on the subjective fixation disparity data.
Error bars were applied to the objective data in the following way. First, the variance associated with the yintercepts and slopes of the calibration regression equations was determined. The method by which this was done is described in Appendix II. In brief, this method determines the uncertainty associated with the yintercept and slope of the calibration regression equations. This uncertainty dictates the accuracy with which one can determine the angular position of the eye associated with a given digitized value from the eye coils. A total variance was calculated by adding the variances for the left and right eyes. Along with the uncertainty created through the calibration regression equations, the variance in eye position for the 10 digitized values recorded for each eye at each angle of forced vergence was taken into account. Disjunctive eye movements were expected to occur near the limits of each subject's fusional range as the subject struggled to maintain fusion (Cooper, Feldman, Horn, & Dibble, 1981) . These disjunctive movements were expected to add uncertainty to the determination of the angular separation of the eyes. Therefore, the variance for the differences in the 10 pairs of digitized values at each forced vergence angle was determined. This variance was then added to the total variance from the calibration regression equations. This gave a final variance (and standard deviation) for the objective fixation disparity at each forced vergence angle.
RESULTS
In Fig. 3 , graphs of objective fixation disparity and subjective fixation disparity versus vergence angle are shown. The data presented in Fig. 3 are taken from the most representative trial of subjects A, B, C, and D. The results for each of these subjects were replicated in other trials, and the results for two trials of subject E are shown as an example of this replication. For subjects A, B, and C, differences between the objective and subjective fixation disparities greater than one standard deviation of the objective data occur at larger angles of forced vergence. On the other hand, differences between the objective and subjective fixation disparities exceeding one standard deviation of the objective data appear at only one vergence angle for subject D, and do not appear at all for subject E. While the standard deviations of the objective data provide a means by which to visually compare the objective and subjective fixation disparities, they are unsuitable for determining whether vergence angle has a systematic influence on the differences between the objective and subjective fixation disparities. Systematic differences between the objective and subjective fixation disparities are illustrated in Fig. 4 , in which differences in the objective and subjective data are plotted against vergence demand. The method described in Appendix III was used to test for significant effects. The equations in Appendix III make use of indicator (dummy) variables (Neter, Wasserman, & Kutner, 1990) to determine whether there are two linear regions of a graph (that is, two regions with different slopes). This analysis was applied to the data, because it appeared by visual inspection of Fig. 4 that for at least one of our subjects (subject B), the differences between the objective and subjectiw~ fixation disparities changed systematically over the divergent angles of forced vergence, while these differences did not change systematically over the convergent angles. As expected, only in the case of subject B was a statistically significant change (ct=0.05) in slope (t=5.83, P=0.001) noted for the divergent vs the convergent angles of forced vergence.
The next part of the analysis also made use of indicator variables to determine, for each of the six data sets, if the slope of the objective FVFD curve was significantly different (~ = 0.05) from the slope of the subjective FVFD curve. The method is described in Appendix IV. For subject B, where it was established that there was a systematic change in the differences between the objective and subjective fixation disparities only over the divergent angles of forced vergence, the two regions of the FVFD curves (divergent angles vs convergent angles) were analyzed separately. The results of these analyses are shown in Table 2 . For subjects A and C, there was a significant difference in slope for the objective and subjective FVFD curves. For subject B, the slopes of the objective and subjective curves were significantly different at the divergent angles of forced vergence, but these slopes were not significantly different at the convergent angles of forced vergence. For subjects D and E, the slopes of the objective and subjective FVFD curves were not significantly different.
DISCUSSION
The results (Table 2) show that for some subjects (subjects A, B, and C), there were significant differences (~ = 0.05) in the slopes of the objective and subjective FVFD curves. When these differences in slope were found, the slope for the objective data was always greater than the slope for the subjective data. The fact that significant differences in these slopes were present indicates that in some cases differences between the objective and subjective fixation disparities increase systematically as the angle of forced vergence increases. In other cases (subjects D and E), no significant difference in the slopes of the objective and subjective FVFD curves was present. At convergent angles of forced vergence larger than those tested in this experiment, subjects B, D, and E might also exhibit a deviation of the objective and subjective values, although clearly the propensity in those cases is less.
The difference between objective and subjective angles of ocular deviation defines the amount of a shift in retinal correspondence (Griffin, 1982) . Therefore, for the subjects (A, B, C) who showed significant differences in the slopes of the objectively and subjectively derived FVFD curves, we conclude that fusion of targets outside the normal limits of Panum's area involves an additional process that supplements the normal fusion process first elucidated by Panum. This process is a small alteration in retinal correspondence which facilitates sensory fusion by shifting Panum's area toward the fusion target. Such shifts in Panum's area have been noted in previous studies of sensory fusion (Piantanida, 1986; Diner & Fender, 1988) and fixation disparity (Remole, 1985; Robertson & Schor, 1986) .
Fusion, therefore, appears to be subserved by two distinct processes: a small shift in retinal correspondence, which is a noncyclopean process (Tyler, 1983 ) and Panum's fusional process, which is the cyclopean assimilation of the two monocular images into a single impression. Since the alteration in correspondence changes the apparent directions of monocular contours (i.e., the nonius lines) as it shifts Panum' s area toward the fusion target, the measures of subjective fixation disparity are decreased by the magnitude of the correspondence shift. The influence of the shift in correspondence is thought to spread from the fusion target to the nonius lines (Fogt & Jones, 1997b) . As the fusion targets are only separated from the nonius lines by about 7' of arc, the shift in correspondence is more likely to affect the perceived directions of the nonius lines than is any mechanism related to fusion of the adjacent ends of the nonius lines (which are separated by about 34' of arc).
The vergence errors indicated by the objective fixation disparities are the steady state errors utilized by the fusional vergence control system as the stimulus to maintain vergence (Ogle et al., 1967; Schor, 1980) . The increase in vergence errors under conditions of high vergence demand are desirable as they would provide the control system with more robust stimuli to maintain fusional vergence than would be possible if the shift in correspondence were absent. However, this proposition assumes that the oculomotor control system "sees" a retinal disparity that is uninfluenced by the shift in correspondence.
Then what is the explanation for cases (subjects B, D and E) where the slopes of the objective and subjective FVFD curves are not significantly different? The explanation most likely lies in whole or in part with the subject's ability (or tendency) to adapt his or her vergence. The slow fusional vergence system is considered to be responsible for vergence adaptation (Schor, 1980). The higher the gain of the slow fusional vergence system (and therefore the larger the amount of vergence adaptation), the smaller is the steady state error needed (objective fixation disparity) to maintain vergence of the eyes during binocular viewing. If the objective fixation disparities are smaller, there is less of a need for the fusional vergence system to make use of the shift in correspondence and the more closely the objective and subjective fixation disparities should agree.
There is reason to suspect that vergence adaptation may have occurred in this experiment. First, no attempt was made to control the time taken by subjects to make the nonius line settings. A longer exposure to a given vergence demand tends to promote vergence adaptation to the vergence demand (Mitchell & Ellerbrock, 1955) . Furthermore, the presentation of each successive divergent fusion target position was not alternated with the presentation of each successive convergent fusion target position. The order of presentation was not randomized because it was thought that presentation of successively larger divergent (or convergent) vergence demands would allow for data to be collected over the largest range of vergence angles and in performing the experiments in this manner, vergence adaptation was promoted.
Second, Schor has demonstrated that individuals with Type I FVFD curves (steep base-in and steep base-out portions) often do not adapt to either divergent or convergent stimuli. Individuals who demonstrate Type II curves (steep base-in portion and flat base-out portion) often adapt to convergent but not divergent stimuli.
Finally, individuals who demonstrate Type III curves (flat base-in portion and steep base-out portion) often adapt to divergent but not convergent stimuli (Schor, 1979) . Mitchell & Ellerbrock (1955) have also concluded that a flat forced vergence fixation disparity curve (that is, one in which the fixation disparity does not increase as the vergence demand increases) probably indicates significant vergence adaptation, while a steep forced vergence fixation disparity curve indicates little or no vergence adaptation. It follows that in cases where the objective fixation disparity curve is relatively steep the shift in correspondence will prevent diplopia at larger angles of forced vergence, and the objective and subjective fixation disparities will disagree. On the other hand, in cases where the objective fixation disparity curve is relatively flat (and therefore some degree of vergence adaptation is occurring), the shift in correspondence is not required at larger angles of forced vergence and the objective and subjective fixation disparities will agree.
The data of subject A illustrate this point. He showed a significant difference in the slopes of the objective and subjective FVFD curves. From these results, one can conclude that there is relatively little vergence adaptation (because the objective fixation disparities are relatively steep), and that the shift in correspondence is used to a greater degree as the vergence demand increases (as evidenced by the systematic increase in the differences between the objective and subjective fixation disparities as the vergence demand increased). The behavior of subject A most closely resembles that of a Type I individual.
In contrast, the data of subject B require a different interpretation. For these data, there were two linear regions for the objective FVFD curve. One of these regions was associated with the divergent forced vergence angles, while the other was associated with the convergent forced vergence angles. The objective FVFD curve was much steeper for the divergent angles of forced vergence than for the convergent angles. Furthermore, while there was a significant difference in the slopes of the objective and subjective FVFD curves at the divergent angles of forced vergence, this difference was not significant at the convergent angles of forced convergence. This subject does not adapt at divergent angles of forced vergence, but does adapt at convergent angles of forced vergence. The subject uses the shift in correspondence extensively over the divergent forced vergence range, but makes minimal use of this process over the convergent forced vergence range. The behavior of this subject most closely resembles that of a Type II individual.
Along with the degree of vergence adaptation, it is also important to note that the subject's habitual heterophoria may also determine the extent to which subjects make use of the shift in correspondence. For example, if the subject had a significant esophoria (perhaps 6-8 deg) and the curve of objective minus subjective fixation disparity vs vergence angle is measured only over the convergent angles of forced vergence, one might find that the largest differences in the objective and subjective fixation disparities occur at the smallest values of forced vergence. If this were the result, this may be an indication that the subject can fuse more easily at larger angles of convergence. That is, if this subject has a routine tendency to use a large amount of positive fusional convergence, it may actually become easier for the subject to fuse as the convergent stimulus increases. This subject may therefore make use of the shift in correspondence to a greater extent at small angles of forced convergence than at larger angles of forced convergence.
CONCLUSION
In this study, significant differences were found between the slopes of the objective and subjective FVFD curves for three of our five subjects. When these differences were found, the slope of the objective fixation disparity curve was greater than the slope of the subjective fixation disparity curve. These differences in slope suggest that systematic differences occur between simultaneously measured objective and subjective fixation disparities at larger angles of forced vergence, and therefore that subjects may make use of two forms of sensory compensation to fuse disparate images: a small shift in retinal correspondence and Panum's process, which is the binocular assimilation of the two monocular images into a single impression. The alteration in retinal correspondence changes the apparent directions of the nonius lines as it shifts Panum's area toward the fusion target. Consequently, measurements of subjective fixation disparity underestimate the actual objective fixation disparity by the amount of the shift in retinal correspondence.
The fact that differences between the objective and subjective fixation disparities were largest at the largest angles of forced vergence was explained in terms of the model of the fusional vergence system proposed by Schor (1980) . In this model, fixation disparity is assumed to be a steady state error which maintains vergence. However, the larger the degree of vergence adaptation, the less the magnitude of fixation disparity required to maintain vergence. Therefore, differences in the slope of the objective and subjective FVFD curves are expected in cases where there is little or no vergence adaptation.
All of the luminance measurements described below were made using a spectrophotometer (Photo Research, PR-703A/PC Spectrascan; Burbank, CA). In this experiment, the luminance of the targets for the right eye was about 0.14 ccYm 2, while the luminance of the targets for the left eye was about 0.08 cd/m 2. Because this experiment was performed using a white background, target contrast was used to compare the visibility of the left eye and right eye targets. The Weber contrast ([Luminance of targe!-Luminance of background]/Luminance of background) was 0.91 for the right eye, and 0.83 for the left eye. Therefore, the visibility of the targets was quite similar for the fight and left eyes.
One could speculate that the reason differences in the objective and subjective fixation disparities were found in some cases was that suppression of one of the fusion targets occurred near the limits of the vergence range tested, therehy allowing for large motor errors (objective fixation disparities) to appear without appreciation of diplopia. While the eyes would begin to move to their heterophofia position in such a situation (Morgan, 1947) , the nonius line setting may be more similar to what it wouht be under fused conditions. This could result in differences in the objective and subjective fixation disparities. This is an unlikely scenario for several reasons. First, the nonius lines can be considered suppression markers in this experiment. That is to say, if suppression of one of the fusion targets occurred, the nonius line associated with the suppressed fusion target would also almost certainly be suppressed. If the nonius line and the fusion target for one eye were suppressed, the subject could not make a setting of the nonius lines. Second, even if only the fusion target for one eye was suppressed while both nonius lines remained visible, one would expect the eyes to move to their heterophoria position. By requiring the subject to align the nonius lines regardless of whether the fusion targets are fused (as was done in this experiment), the setting of the nonius lines when the fusion targets are not fused (or when one fusion target is suppressed) would represent a disassociated phoria measurement. In that case, the angular separation of the lines should be quite close to the angular separation of the eyes. This is because there is no reason to expect the objective measurement to represent a disassociated (heterophoria) measurement, while the subjective measurement represents a fused (fixation disparity) measurement. This latter supposition was verified for subject A. Using the method shown in Appendix IV, it was found that there was a significant difference in the slopes of the objective FVFD curve and the subjective FVFD curve prior to a break of fusion (t =-4.36, P = 0.001). However, once a break of fusion occurred, there was no significant difference in the slope of the objective and subjective FVFD curves (t---0.03, P= 0.978). Furthermore, the slopes of the objective and subjective FVFD curves were much less once the break in fusion occurred. This indicates that the eyes settled at a relatively constant (heterophoria) position after the break of fusion.
Anaglyphic targets can also lead to differences in accommodative demand for each eye. Given the dominant wavelengths in the retinal images, calculations using the Emsley 60-diopter schematic eye show that there was a difference in accommodative demand for the two eyes of about 1.25 diopters (Finchmn & Freeman, 1980) . Therefore, one or both retinal images may have been somewhat out of focus during these experiments.
Chromatic differences between the two eyes can also lead to differences in the retinal image sizes for the two eyes. Empirical calculations indicate that the retinal image sizes of the fusion targets in these experiments differed by less than 2.50%. This difference in retinal image size is unlikely to have caused serious problems in fusing the disparate retinal images.
Determination of variance in objective data from uncertainty in calibration regression equations (Neter et al., 1990) The calibration regression equation is as follows: (Neter et al., 1990) The regression model is as follows: where Yi = objective minus subjective fixation disparity, Xil = forced vergence angle, xi2 is the indicator variable, xi2 = 1 if Xil ~ 0.10, and Xi2 ----0 ifxil <_ 0.10. The null hypothesis is B2 = 0, while the alternative hypothesis is B2 ¢ 0. If the null hypothesis is rejected, then the term B2(Xil -0.10)xi2 is required in the regression model (i.e., there are two linear regions of the graph. The slope changes at a vergence angle of 0.10 deg).
Method to determine whether the slope of the objective FVFD curve is significantly different from the slope of the subjective FVFD curve, (Neter et aL, 1990) The regression model is as follows:
where Yi = fixation disparity, Xil ----forced vergence angle, xi2 is the indicator variable, xi2 = 1 if objective fixation disparity, xi2 ----0 if subjective fixation disparity.
The null hypothesis is B3 = 0, while the alternative hypothesis is B3 ~ 0. If the null hypothesis is rejected, then the term B3xilxi2 is required in the regression model (i.e., the slope for the objective fixation disparity and subjective fixation disparity curves are significantly different). Ba indicates how much greater (smaller) is the slope for the objective fixation disparity data than the subjective fixation disparity data.
